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contact between metal and medium, rather than between metal 
and metal, it remains to consider whether this belief requires 
one to assert that there is no true contact-force at all at the 
junction of two metals. By no means : the existence of such 
a force is undoubted ; but for metals it is usually very small 
and may be neglected in comparison with the Volta-force~ 
.though, strictly speaking, what is observed electroscopically 
is a mixture of the two. It  is the true contact-force which 
gives rise to the Peltier effect, and its variation with tempe- 
rature (assisted by the Thomson effect) causes thermoelectric 
currents. A contact-force exists, as Thomson has shown, not 
only at the junction of two different metals~ but  also between 
parts of the same metal at different temperatures. 

In another place* I have endeavoured to gain some insight 
into the nature of this true contact-force and to suggest its 
cause. This has been done by many others; but I may be 
permitted to repeat my own notion~ vague and incomplete 
though it avowedly is. Molecules of matter do not move in 
independence of electricity; at any rate the converse is cer- 
tainly true--electricity does not move independently of matter. 
Electricity, in flowingthrough a wire, meets with resistance ; 
there is something analogous to friction between the matter 
and the electricity~ and the opposing force is precisely pro- 
portional to the strength of the current. This much is 
expressed by Ohm's law, E = RC, which is a carefully verified 
though empirical statement. But, analyzing R into specific 
resistance of material (p) and sectional area of conduetor~ and 

C 
permitting ourselves to regard area as proportional to the 

velocity of electricity in a circuit of different thicknesses~ we 
perceive that Ohm's law means that 

dV 
=p x velocity. 

Let us then postulate, between electricity and any given 
kind of conducting matter~ a connection which shows itself as 
an E.M.F. proportional to the speed of their relative motion 
and to the specific resistance of the material. Molecules of 
matter are not at rest~but (say) vibrating at a rate depending on~ 
or rather itself determining, the temperature. These motions, 
as we have seen, cannot Joe independent of electricity, but 
they result in no force urging it to flow, because their motions 
are symmetrical. But place two metals in contact--one hot~ 
the ether cold ; or one copper, the other iron : at the junction 

" Phil. Mag. December (Supplement} 1876~ "On a Mechanical Illus- 
tration of Thermoelectric Phenomena." 
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symmetry disappears~ there must be constraint and accom- 
modation ; and~ in whatever precise way this acts~ it seems 
probable that it can be conceived of as having the same effect 
as a layer of molecules moving faster on their outward 
journey than on their return. I f  any such dissymmetry of 
velocity were produced, it would exert a propelling force on 
electricity* in the direction of the greatest velocit.y, because 
the force is proportional to the velocity. This is the crude 
and tentative way in which I picture to myself the Seebeck or 
true contact-force--the cause of thermoeleetricity and of the 
Peltier phenomenon. 

But now, why is this force so small in ordinary metals? 
Because it depends on p, the specific resistanc% and this is 
small. Choose badly conducting metals like bismuth and 
antimony, or still better selenium and tellurium, and the force 
will be greatly increased. Choose so-called nonconductors, 
like glass and silk and ebonite, and it becomes enormous. 
But when one uses nonconductors we cannot expect to excite 
currents flowing in closed circuits ; we can only expect elec- 
trical displacement and electrostatic phenomena ; and indeed 
it is no such easy matter for electricity to move in such sub- 
stances, even though the force urging it be excessive ; and a 
little mechanical violence (friction) may be necessary to help 
it to move. But remember that no amount of friction can 
determine the motion in one direction rather than another :  
working a pump-piston exhausts no air unless there are valves. 
Friction may supply some of the energy, but the directing 
force must be in the substances in contactt .  To assist the 
passage it is customary in electrical machines to touch together 
a conductor and insulator rather than two insulators. I doubt 
not that when metal touches glass the surface of contact 
would become chilled as soon as any transfer of electricify 
were really produced by the force ; but the heat developed~ by 
the friction apparently necessary to aid the transfer, effectually 
masks any chilling. 

Measurement of contact-force between insulators is beset 

* I do not say necessarily on positive electricity. It seems a complica- 
tion ; but Sh" Wflliam's researches show that it is positive in some metals 
and negative in others. In the case of lead only does the grip on both 
eleetricities seem the same. 

t Mr. Joseph Thomson (Prec. Roy. Soc. 1876) endeavoured to extend 
ordinary contact methods to nonconductors. He was hardly likely to get 
very clear results ~ but he was able to find some electrical transfer as the 
result of mere contact, if it be admitted that it is ~0ossible to apply mere 
contact and no sort or kind of vielence--a supposition which is probably 
inadmissible. Yet the least violence destroys all novelty, and sends us 
back to Thales. 



~lectromotive Forces in the Voltaic Cell. 343 

with difficulties, because it is so difficult to make electricity 
pass across the junction. 2qo limit to the force has at present 
been observed: whenever an electrical machine reaches its 
limit, and refuses to charge its prime conductor or a Leyden 
jar to a higher potential, it is accounted for by saying that 
the rate of leakage is now equal to the rate of production 
(which is undeniably true), but nothing is said about whether 
the rate of production is the same as it was when the jar was 
uncharged. It is a difficult matter to settle, because most of 
the leakage takes place close to the rubber ; and, though it is 
quite possible, it is unlikely that a limit to the force will be 
discovered, by finding the activity of a frictional machine less 
at high potentials than at low. When the substances in con- 
tact are two metals, it is impossible for them to drive electricity 
very hard, for it would, so to speak, slip through their fingers ; 
but when an insulator is concerned, its grip is so great that 
probably there is no limit to the force until its insulating 
power is overcome, and through it also electricity begins to 
slip. Certainly any upper limit must be a very high one, for 
the force can readily pile up a charge till it produces sparks 
a foot or more long. 

Whether Volta forces, or contact-forces between substances 
and the medium surrounding them, exist for insulators also 
we do not know ; we have no reason whatever to deny their 
existence ; but whereas in the case of metals these exceeded 
the forces acting between the substances themselves, here in 
the case of insulators they are absolutely negligible by com- 
parison. For intermediate substances they may have corre- 
spondingly important values; and it seems not unlikely that at 
the junction of metals with electrolytes, and of electrolytes 
with one another, the total contact,-force may be a complex 
one--partly chemical, and due to the possibilities of chemical 
uction straining across the junction, and partly physical, due 
to different velocity of the molecules. 

20. The preliminary experiments of Bouty have caused 
him to believe in the existence of physical contact-forces, at 
the junction Of metals with electrolytes, which cannot be 
brought into harmony with energies of chemical action. And 
though the subject is too unexplored in this direction to be 
ripe for discussion, it may be well to point out that these 
contact-forces are important in the theory of the voltaic cell 
even in its simplest form. 

Why is the E.M.F. of a zinc-copper battery less than that 
of a zinc-platinum ? 

Why is the E.M.F. of a zinc-lead or iron battery smaller 
than either ? 
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The same chemical action goes on in each, zinc is dissolved 
at one end and hydrogen liberated at the other: how, then, can 
the E.M.F.  be different if  it is calculable from the chemical 
reactions ?* 

I f  we picture to ourselves the actual forces in action we 
shall get a kind of answer indicated to us. In a zinc-iron 
cell the E.M.F.  is due to the zinc pulling at oxygen harder 
than the iron does ; but, since the iron does pull too, with no 
inconsiderable strength, the balance of force is not so great 
as if the iron were replaced by copper, which pulls less, or by 
platinum, which barely pulls at all until it is coated and 
alloyed with hydrogen. 

This answer cannot be considered as complete, and in order 
to complete it consider a more precise experiment. 

Arrange a series of common dilute acid voltameters, with 
their plates respectively, zinc zinc, zinc iron, zinc copper, and 
zinc platinum. Pass one current through the series, from zinc 
to the other metal, and measure the differences of potential 
between the plates in each cell. Now the same chemical 
action is going on in each. In each, zinc is dissolved at one 
side and hydrogen evolved at the other-- the  only difference 
being that it is liberated from surfaces of zinc, iron, copper, 
platinum, in the four cases. What  is to prevent the E.M.F.  
between the terminals of each voltameter from being the 
same ? But  it is not the same (pace Prof. Exner)  : the zinc- 
zinc cell shows the greatest difference of potential between its 
terminals, the zinc-iron less; and the zinc-platinum may 
easily show a reverse difference because it helps the current on 
instead of hindering it. I t  will be understood that the precise 
behaviour of the cells is determined by the intensity of the 
current (i. e. current per a rea ) - - i f  it is weak~ even the zinc- 
iron cell may help it on, but  the zinc-platinum will help it on 
most : i f  it is very strong, even the zinc-platinum will retard 
it, but the others will retard it more, and the zinc-zinc most. 

Now why is all this ? Take the difference between the 
heats of formation of Zn, 806 and of H~, 804, at the comma, 
and you will have the total energy assimilated by the current 

Professor Exner cuts this knot in characteristic fashion by asserting 
roundly that the E.M.F. of all such cells is the same, and that it matters 
nothing what metal is opposed to the zinc of a cell so long as it does not 
alter the chemical action going on. He further asserts that all batteries 
are non-polarizable and quite constant, as soon as they have got rid of 
dissolved air and before sulphate of zinc has accumulated. He verifies 
these extraordinary statements, to three significant figures, by straight- 
forward expel~ment. See his paper "On InconstantVoltaie Batteries," 
cited above. 
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in each cell. This energy is the same in all the cells, but not 
in all does it take the same form. In the zinc-platinum cell 
it mainly results in driving the current forward. In the zinc- 
zinc cell it wholly results in a Peltier (or Bouty) generation 
of heat. In going out of the cell by a cathode zinc plate, it 
has to move hydrogen towards it, and (ipso facto) oxygen 
away from it~ in opposition to the strong chemical attraction ; 
thus it will do work and liberate energy, which~ since there is 
nothing better to d% must exhibit itself as heat. At an iron 
surface less heat is generated, and at a copper less still ; but, 
at any cathode which attracts oxygen, some heat must be 
generated by a current made to do work in opposition to this 
attraction. 

In the zinc-zinc cell there is no propulsion of electricity at 
all by the cell ; on one side, where the current enters, zinc is 
dissolved and the current helped forward with the full energy 
(or nearly the full energy) of the combination, so that no (or 
nearly no) waste energy or heat is there produced; but on 
the other side, where the current leaves, the same combination 
is (not exactly undone but) opposed and the current hindered 
with (probably something less than) the full energy of the 
combination, and there the heat of combination is generated. 

Thus, regarding the passage of hydrogen to the cathode as 
a virtual separation of 0 (or S04) from it, we may say in 
general that in any one of the above cells used as a volta- 
meter, the energy available for helping the current on is that 
represented by the difference between the combination-energies 
of the substances respectively attacked and liberated; i. e. 
Zn, S04--H2, S04; but that besides this, the combination 
M, S04 is virtually undone ; and, since the energy of this com- 
bination appears as a generation of heat at the cathode, it is so 
much to be subtracted from the propelling force available for 
the current, only the balance being left for this purpos% viz., 

Zn, S0~--H~, S0~--M, 804. 

Whether one ought to write S04 or 0 in these expressions I 
am not sur% but it is not essential to decide this at present. 

Another way of regarding the matter is to say that the 
force propelling the current is that due to the difference of 
energies Z n , 0 - M , 0 ,  but that as soon as a current actually 
passes and hydrogen is liberated it coats the cathode more or 
less thickly, and an extra term must be subtracted from the 
above to represent the opposition force of this hydrogen. 
The efficacy of this hydrogen as a current-opposer must 
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depend in some way on the intensity of the current itself, 
since with a feeble current it will be able to dissipate itself 
thster than it forms, and with a strong current it will 
thoroughly coat the plate and the balance will escape. Sup- 
pose, then, we represent the force exerted by the hydrogen as 
H~,O f (C) ; where f (0) = 0, and f (or) = 1 or something like 
1 ; then the force available fbr urging the current forward in 
any of the above cells is, in volts, 

' { Zn,O-- M,O-- H2,O f (C) ~. ~ B u u 6  

There is an obvious objection to be taken to this last 
hypothesis, viz. that it supposes the second metal M 
completely operative, even though it be thoroughly coated 
with hydrogen. This is hardly reasonable; and a compromise 
between the two preceding hypotheses is afforded by one of 
greater generality in which the available force is symbolically 
represented by 

Zn-M ¢ 

where ~b is a function such perhaps that ¢ ( C ) = I  + n  . f  (C). 
On this hypothesis the propelling E.M.F. is 

e = ~ { Z n , O - - M , O - -  (H~,O + n .  M,O) f (C)}. 

This is too much like miscellaneous guessing, and we will 
make no more of such hypotheses ; but if experiment could 
fix an empirical formula for this force in any case, we could 
apparently at once obtain the Joule el" Bouty effect, * or rather 
the difference of two such effects, for that case ; because We 
should have the E.M.F. experimentally observed on the one 
hand, and that calculated from pure energy-considerations on 
the other~ as 

Zn,O--H2,0 
46000 f-B~--Bz, 

where the two B's stand for the Bonty coefficients at the zinc 
and the other metal respectively.. The only objection is that 
in the cells now under discussion M is coated more or less 
with hydrogen, and hence the Bouty effect obtained is nothing 
very easily definable. 

That is the thermoelectric contact-force at a metal-liquid junction : 
see section 6. 
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21. To see if the actual behaviour of such cells at all bears 
out a hypothesis formed on the above plan, I have made some 
rough experiments on the lines suggested; that is, I passed 
the same current through different simple cells. There are so 
many sources of uncertainty and of variation, that it would 
be very difficult to get really definite and reliable results. 
Thus, fbr instance, the back E.M.F. will depend considerably 
upon how long the current has been flowing, and so the read- 
ings will differ according, to the time they are taken. The 
metals I used were zinc-zinc, zinc-copper, and zinc-platinum ; 
and it was found necessary to put the cathode-plate in a porous 
cell to avoid deposition of zinc on it. But it was now diffi- 
cult to compare the cells easily when arranged in series, 
because different porous pots had different resistances. I 
therefore ultimately decided to use the same porous pot and 
the same anode zinc plate, and to substitute the other plates 
one after the other, making the current as nearly the same 
each time as convenient (by adjusting resistance) and allowing 
for outstanding discrepancies. An amperemeter placed in 
circuit measured the current, and the voltameter used was a 
reflecting galvanometer with some 30,000 ohms in its circuit. 
Its indications were interpreted absolutely by tapping off, at 
the same time as the cells, the difference of potential between 
the terminals of an ohm (or ¼ or s 1 ohm) coil placed in the 
circuit. 

Any two values of the strength of current enabled the in- 
ternal resistance of the cell to be calculated, provided its 
E.M.F. remained constant. With low currents it did seem to 
be fairly constant, and a mean value of the internal resistance 
r is reckoned from these as ~ ohm. 

• The area of each plate under the liquid was exactly the same, 
and measure d 3 inches by 2~ inches. Both faces of each plate 
were exposed, though naturally one face was more active than 
the other. 

The arithmetical reductions are rather long ; the results are 
all that I give. It will be perceived they are anomalous in 
places~ a great deal of this being dependent on whether the 
reading of E.M.F. was taken soon aiter a current-change or 
not. As I said before, the plan of experiment is avowedly 
rough, though the actual readings were carefully taken ; but 
without understanding more about the circumstances of the 
case, and what possibilities of variation there are, I do not see 
how to plan a perfect system of experiment on the subject. 

I will first give relative numbers, simply comparing the 
differences of potential between the terminals of the three 
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cells when the same current is going through each, the resist- 
ance of each being the sam% viz. } ohm; and then I will 
interpret the observations absolutely~ calculating the E.M.F.  
of the cell under different currents~ and seeing what empirical 
formula will best fit it. 

Relative Differences of Potential between the Terminals of 
three Voltameters of the same Resistanc% through each of 
which the same current is driven by an auxiliary battery. 
Anode of each celI~ zinc; cathode--zin% copper~ and pla- 
tinum respectively. 

Deflection of Electrometer attached to t h e  

terminals of Current flowing 
through each 

~11, in amperes, the Zinc-Zinc the Zinc-Copper the Zinc- 
cell. cell .  Platinum cell. 

- -  125 
--148 
- 486 
--440 
--535 
--486 
--626 
--575 
--700 
--630 
--800 
--741 

+70 to +90 
+26 
- -  15 
+ 15 
--65 
-14o s 
- -  77 
--225 
--250 
--347 
--250 

+ 87 
+ 40 
+ 50 
+110 
+ 15 
+80  
-100 
- 3 0  
-201 
-116 
-335 
-210 

.55 
.94 

1.88 
1.5 
2-4 
2~) 
2.4 
1.96 
3.2 
2.73 
4.2 
3"4 

In the above Table the difference of potential between the 
terminals is written negative when it opposes the currcnt~ and 
positive when it helps it on. 

We will now interpret similar measurements absoIutely, 
reckoning the actual E.M.F. of each cell~ and try to fit an 
empirical formula to it on the plan of those (in sect. 20) 
already guessed; assuming f ( C ) a  linear functionj for sim- 
plicity~ until forced to t ry something more complex. I t  is 
quite impossible that f (C)  can be a linear function really, but 
it very likely begins by being so, and only for big currents 
diverges notably. A hyperbolic tangent function~ at a guess~ 
would seem most likely to represent the case properly. 
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Electromotive Force of a Zinc-Zinc, Dilute Sulphuric-Acid, 
Cell, of Resistance I ohm, through which the specified 
currents are driven by two or three Grove's; each plate 
exposing 53 square centimetres on each face. 

Current, in 
amperes, 

O. 

"552 
"424 
"936 
"744 

1"88 
1"5 
2"4 
1"97 
2'4 
1 "94 
3'22 
2'68 
3'36 
4"24 

t Difference of 
potential between 

terminals, in 
volts. 

- -  " 3 7  

- -  '34 
- -  "44  

- -  "40  

--1"46 
- -  1 ' 3 2  

- -  1 - 6 1  

--1 '46 
- -  1 " 8 8  

- 1 " 8 0  

--2 '10 
- -  1 " 8 8  

-- 2"22 
--2"40 

Observed E.M:.F. 
of cell (obtained 
by adding rC to 

t h e  preceding 
column). 

- -  " 2 6  

- -  " 2 5  

- -  " 2 5  

- -  " 2 5  

- -  l ' 0 8  

- -  1 " 0 2  

--1"13 
- -  1 " 0 7  

--1"40 
--1"41 
- -  1 " 4 6  

- -  1 " 3 4  

--1"55 
- -  1 " 5 5  

E.I~.F. calculated 
from the formula 

e=-~C. 

- "276 
- "212 
- "468 
- "372 
- "94 
- "75 
-1"20  
- -  '99 
-1"20  
- "97 
--1"61 
- 1 " 3 4  

- 1 " 6 8  

-2"12  

The agreement between the observed and calculated columns 
is not very bad ; and the polarization E.M.F. does not show 
decided signs of breaking away from the law of simple pro- 
portion until a current-strength of 4 amperes is reached--say an 
intensity of "04 ampere per square centimetre of total surface. 

Electromotive Force of a Zinc- Copper, Dilute Sulphuric-Acid, 
Cell, of Resistance ~ ohm, through which the, specified cur- 
rents are driven by two or three Grove s;  each plate 
exposing 53 square centimetres on each face. E.M.F. 
reckoned positive when it helps the current forward, nega- 
five when it opposes it. 

Ourrent, in 
amperes, 

C. 

"55 
"94 
"76 

1'88 
1"52 
2"4 
2'0 
2"4 
1 "98 
3'22 
2"75 
4"16 
3'44 

Difference 
of potential 
between ter- 

minals, in 
volts. 

+ "24 
+ "078 
+ '108 
-- "045 
+ "045 
- -  "195 
-- "024 
m "42 

- -  "221 
-- "675 
- "75 
- 1 " 0 4  

- " 7 5  

Observed E.M.F. 
of  cell (obtained 
by adding r C to 

the preceding 
colmnn). 

+ ' 3 5  
+ ' 2 7  
+ "26 
+ "33 
+ "35 
+ '28 
+ ' 3 8  
+ .  

+'~i" 
- - ' 2  

- -  "21 
- - ' 0 ~  

E.M.F.  calculated 
from the formula 

e = ' 8 - - ¼C.  

+ "66 
+ "54 
+ '61  
+ ' 3 3  
+ "42 
+ "20 
+ "30 
+ '20 
+ '30 
- "05 
- ' 1 1  

~ ' 2 4  

- -  "06 

E.M.F. cal- 
culated from 
the empirical 

f o r m u l a  
e = ' 5 8 - - } C .  

+ ' 4 7  
+ "39 
+ '43 
+ ' 2 0  
+ "27 
+ ' 1 0  
+ ' 1 8  
+ ' 1 0  
+ ' 1 8  
- -  "06 
+ '03 
- - ' 2 5  

- - ' l t  

Phil. M, tg. S. 5. Vol. 19. No. 120..4la~j 1885. 2 B 
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Here two alternative formuhe are given ; it is a matter of 
opinion which shows the least divergencies from the column 
of observed values. 

The first is the one most naturally suggested by the theore- 
tical considerations of sect. 20, the '8 stanciing for Zn/O--Ca/O, 
or what is commonly called Zn/Cu. 

Electromotive Force of a Zinc-_Platinum, Dilute Snlphuric- 
Acid, Cell, of Resistance ~ ohm, through which the specified 
currents are driven by two or three Grove s ; each plate 
exposing 53 square centimetres, of surface on either side 
E.M.F. reckoned positive when it helps the current on. 

Current, in 
ampere% 

C. 

"552 
"44 
"936 
"784 

1 '88 
1"52 
2'4 

2"4 
1"96 
3"22 
2'72 
4'16 
3"86 

Difference 
of potential 
between ter- 
minals, in 

volts. 

+ ' 2 6  +'37 
• 30 + ' 39  

+ "12 + '31 
+ '17 + ' 33  
+ "15 + ' 52  

'33 + ' 63  
• 45 + '93  

+ '2A + '64  
- "30 + ' 1 8  
- -  -09  + ' 3 0  
- "6O + ' 0 4  
- "35 + ' 2 0  
- 1"0 - ' 1 7  
- -  "63 + ' 0 4  

Observed E.M.F. 
of cell (obtained 
by adding vC to 
the preceding 

column). 

E,M.F. cal- 
culated from 
the empirical 

formula 
e = ' 4 -  "1 O. 

+ '35  
+ ' 36  
+ '31 
+'32 
+'21  
+ "25 
+'16 
-t- "20 
+ '16  
+ ' 20  
+ '08  
+ '13  
- - ' 1 6  
+ '06 

E.M.F. cal- 
culated from 
the formula 
*=1"2 -~0 .  

+1"02 
+1"05 
+ '89 
+ '94 
+'57 
+ -69 
+ - 4 0  
+ .53 
+ ' 4 0  
+ "55 
+ "13 
+ "29 
- -  "19 
+.08 

Here also are two alternative formulm given, of which the 
first agrees best with the experimental results. But it is very 
strange that the E.M.F. of this cell should be so low when the 
current is feeble : it is scarcely more than that of the copper 
cell. The only way I see of accounting for the error (if error 
i~ be) is  that the platinum was put into the liquid after the 
copper plate, and it was sometimes found coated with a very 
thin evanescent film of copper when taken out. Theoretical 
considerations would suggest something more like the second 
formula as the probable E.M.F., the 1"2 being what is ordi- 
narily called Zn]Pt. 

22. I can now continue the quotation of the remainder of 
the preliminary notes with the certainty that they will be at 
any rate intelligible. I begin with statements intended to be 
true for substances of every kind, and then specialize them 
for the case of metals. 
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III .  Statements believed by the writer to be truej though not 
entirely orthodox. 

xii. A substance immersed in any medium tending to act 
upon it chemically is (unless it is actually attacked) at a 
different potential 'to the medium in contact with it ; positive 
if the active element in the medium is electro-positiv% negative 
if the active element is electro-negative. 

xiii. The above difference of potential can be calculated 
approximately from the potential energy of combination 
between the substance and the medium ; the energy being 
measured by compelling the combination to occur~ and obser- 
ving the heat produced per amount of substance corresponding 
to one unit of electricity. 

xiv. In addition to this contact-force, due to potential 
chemical action or chemical strain, there is another which is 
independent of chemical properties but which seems to be 
greatest for badly-conducting solids, and which is in every 
case superposed upon the former contact-forc% the two being 
observed together and called the Volta effect. Very little is 
known about this latter force except in the case of metals ; 
and in these it varies with temperature, and is small. In the 
case of non-metals it is often much larger than the chemical 
contact-force% 

xv. The total contact-force at any junction can be expe- 
rimentally determined by measuring the reversible energy 
developed or absorbed there per unit quantity of electricity 
conveyed across the junction (practical difficulties, caused 
by irreversible disturbances, being supposed overcomeS'). 

xvi. In a chain of any substances whatever, the resultant 
E.M.F. between any two points is equal to the sum of the truo 
contact-forces acting across every section of the chain between 
the given points (neglecting magnetic or impressed forces). 

xvii. In a closed chain the sum of the "Vol ta  forces/' 
measured electrostatically in any (the same) medinm~ is equal 
to the sum of the true contact-forces; whether each individual 

* I here assume what I suppose is recognized as true~ that what is 
known as frictional generation of electricity is really due to a eontact-forco 
between the substances rabbed--a force which is exceedingly great for 
insulators (see § 19). Davy seems to have held this view~ from a noto 
on p. 50 of his Bakerian lecture in 1806~ cited before. 

t These difficulties are, however, tremendous for most substances 
except metals. M. Bouty's is the only attempt I know of to examine 
junction-energy between metals and solutions of their salts, which is the 
case next in simplicity to metals. Observe that the statement says energy, 
not heat only. 

2 B 2  
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Volta force be equal to each individual true force or not. See 
section 7. 

xviii. Wherever a current flows across a seat of E.M.F. ,  
there it must gain or lose energy at a rate numerically equal 
to the E.M.F.  multiplied by the strength of the current*. 

Development of the above and special application to Metals. 

xix. A metal is not at the potential of the air touching it, 
but is always slightly below that potential by an amount 
roughly proportional to its heat of combustion, and calculable, 
at any rate approximately, from it. For  instance, clean zinc 
is probably about 1"8 volt below the air, copper about "8 volt 
below, and so on. I f  an ordinary oxidizing medium be sub- 
stituted for " a i r "  in the above statement it makes but little 
difference. 

xx. Two metals put into contact reduce each other instantly 
to practically the same potential; and consequently the most 
oxidizable one receives from the other a positive charge 7 the 
effect of which can be observed electrostatically. 

xxi. There is a slight true contact-force at the junction of 
two metals which prevents their reduction to exactly the same 
potential ; but the outstanding difference is small, and varies 
with temperature. I t  can be measured thermoelectrically by 
the Peltier effect, but in no other known way. I t  is pro- 
bably entirely independent of surrounding media, metallic or 
other~ iset. 

xxii. I f  two metals are in contact, the potential of the 
medium surrounding them is no longer uniform:  if  a 
dielectric it is in a state of strain, if an electrolyte it conveys 
a current. 

xxiii. In the former case the major part of the total dif- 
ference of potential is related closely to the difference of 
the potential energies of combination, and is approximately 
calculable therefrom. In the latter case the total E.M.F.  
is calculable accurately from the energy of the chemical 

* A current gains, energy.at any j'unction at which heat is absorbed, or 
chemical combination permitted, or any other form of energy destroyed, 
by the passage of the current. The current gains the energy which has 
in the other form disappeared. 

A current loses energy at a point where it causes other forms of energy 
to make their appearance ; e. g. generation of heat, decomposition of che- 
mical compounds, &c. 

t To distinguish between Peltler-force and Volta-force henceforward 
it will be best to write Bi/Sb or Zn/Cu for the former, and Zn/Air/Cu or 
Fe/Water /Pt  for the latter. The force electroscopically observed is 
Air/Zn/Cu/Air, but this involves both; the right way of denoting the 
Volta effect pure and simple is Zn/Air/Cu. 
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processes going on, minus or plus the energies concerned in 
reversible heat-effects*. 

xxiii a. " T h e  E.M.F. of an electro-chemical apparatus" 
whose energy is entirely expended in maintaining a curren~ 
" i s  equal to the mechanical equivalent of the chemical action 
on one electro-chemical equivalent of the substance." (Thom- 
son.) 

xxiii b. " I f  the action in a cell consists in part of irreversible 
processes, such as (1) frictional generation of heat, (2) dif- 
fusion of primary or secondary products, (3) any other 
action which is not reversed with the current, there will be 
a certain dissipation of energy, and the E.M.F.  of the circuit 
will be less than the loss of intrinsic energy corresponding to 
the electrolysis of one electro-chemical equivalent. I t  is only 
the strictly reversible processes that must be taken into account 
in calculating the E.M.F. of a circuit." (Maxwell : ' Elemen- 
tary .Electricity,' p. 148.) 

xxlv. There are two distinct and independent kinds of 
series in which metals (and possibly all solids) can be placed : 
one kind depends on the dielectric or electrolytic medium in 
which the bodies are immersed, the other kind depends on 
temperature. The one is the real Volta series, but it is the 
commonly observed Volta series minus the Peltier; the other 
is the Peltier or thermoelectric series. To reckon up the total 
E.M.F.  of a circuit, we may take differences of numbers from 
each series and add them together. 

23. I t  is necessary to illustrate the meaning of this last 
statement, To. xxiv. By "real  Volta series " I mean such 
series as we have attempted to calculate from purely che- 
mical data, because they depend on chemical tendencies. 
By "]~eltier or thermoelectric series" I mean ~hoso giving a 
purely physical E . M . F ,  produced we know not quite how, 
whose energy-source is not chemical but thermal. We have 
on the one hand a number of Volta series~ each for a special 
medium~ and on the other a table of thermoelectric powers a~ 
different temperatures. The latter can be conveniently repre- 
sented by a number of eurves~ because temperaLure varies 
continuously ; Volta series~ on the other hand, can hardly be 
represented geometrically~ because the transition from one 
medimn to another is probably per saltum ; at least~ it is not 

* Sueh~ for instanc% as we have been discussing under the head of in- 
constant or simple voltaic batteries (sects. 19-21). These reversible heat- 
effects indicate the presence of thermal contact-forces which~ wherever 
they exist, prevent chemical data from giving E.M.F. accurately: they 
also must be taken into account. We have called them Joule or Bouty 
effects. 
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known wha t  is the  effect of  m ix ing  media ,  and so pass ing  
g r a d u a l l y  from one to the next .  

W e  have given several  Vol ta  se r ies ;  and,  for the  sake of  
completeness ,  I wil l  now g ive  some Pe l t i e r  series for a few 
substances  according  to the  exper iments  of  Professor  Ta i t  a t  
different  Cent ig rade  tempera tures .  Exp re s s ing  each number  
as a funct ion of the t empera tu re ,  we are able to g ive  an infi- 
ni te  n u m b e r  of  Pe l t i e r  series in one table. The range  of  
t empera tu re  over which this table m a y  be in terpre ted  is from 
- - 1 8  ° to 400 ° or so, provided the metals  do not  beg in  to melt .  
Non-meta l l i c  substances have not  ye t  been in t roduced  into 
such se r i e s :  much exper imenta l  work  remains  to be done 
before  t hey  can be. The meta ls  used by  Tai t  were no t  
chemica l ly  pure.  

True  Contact  E . M . F .  or Pe l t i e r  Series.  (Mierovol ts . )  

Metals. 

~ r o n  . . . . . . . . . . . . . . . . . . . . . . . .  

Hard Platinum ............ 
Soft Platinum ............ 
Magnesium ............... 
German Silver ............ 
Cadmium .................. 
Zinc ........................ 
Silver ........................ 
Lead ........................ 
Copper ..................... 
T i n  . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Aluminium ............... 
Palladium ................. 
Hypothetical*Mercury 

(Oaugain) } 

At any Temperatttre go C. 

--4760-- 3"94t+'0487~ 
-- 718-- "54t+'0075t 2 
+ 168+ 363t+'011t 2 
-- 618+ '36t+'0095t 2 
+3310+26"17t+'0512t 2 
_ 731--14.46t_.O429t2 
- -  643-- 8"95t--'024t 2 
-- 590-- 626t--'015t 2 

0 
- -  374-- 3"96t--'0095t 2 
+ 118- l"08t-'0055t 2 
+ 211-- "31t--'0039t 2 
+ 1718 + 16"15g+ "036t 2 
+1800+ 4'6g --'007t ~ 

kt lO ° C 

-- 722 
+ 205 
- -  613 

- 735 
- 

- -  415 
+ 107 
+ 207 
+ 1883 
+1845 

AtlO0°C. 

- 697 
+ ~1  
-- 487 
+6~9  
- -26~ 
--1778 
- -13~ 

- -  ~ 5  

- -  4 5  

+ 141 
+3693 
+2190 

To find the E . M . F .  of  a j u n c t i o n  a t  a specified t empera tu re  
we have only  to sub t rac t  the  numbers  in the  above table,  
inse r t ing  the  value of  the t empera ture .  Thus a j unc t ion  of  
z inc  and copper  at  10 ° has an E . M . F .  of  320 mierovolts ,  ac t .  
i ng  from copper  to zinc; and a uni t  cu r ren t  sent  across such  
a j u n c t i o n  from copper  to zinc,  or from zinc to copper ,  absorbs 
or  genera tes  heat  a t  the rate  of  320 microwat ts ,  and the c u r r e n t  
ga ins  or  loses ene rgy  at  the same rate .  C le rk -Maxwel l  says 
tha t  the force is one microvolt ,  and tha t  i t  acts from zinc to 
copper  ( '  E l e m e n t a r y  E l ec t r i c i t y , '  p. 149, note) ; bu t  he only  
means ,  I suppose,  tha t  the E . M . F .  of  a z inc-copper  civcuit 
with one j unc t ion  a degree  ho t te r  than the other  is a micro-  

* This row of numbers is little better than a guess from some curves 
given in Wiedemann's .Elektriciti~t. A more probable deduction from 
some quite new experiments of C. L. Weber (Wied. Ann. November 
1884), gives, for mercury, 1181+5"~St+'005P. (Cf. note to sect. 27.) 
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volt, and is such as to drive the current from zinc to copper 
across the cooler junct ion;  at least this is true above - - 6 0  ° or 
__ 80 °*. 

Hitherto we have supposed the circuit to be all at  one 
temperature ; but if different parts are at different tempera- 
tures, we shall have to use a yet further series, viz. a Thomson 
series, for the E.M.F.  acting in any one substance with a 
difference of temperature between its ends, or the force acting 
at a junction of two pieces of the same metal at different 
temperatures. This series can be deduced from the preceding, 
using only the coemcient of  t 2, and multiplying it by the 
difference of the squares of the absolute temperatures of the 
two ends of the piece of metal. Such a series then stands 
thus : -  

Thomson Series, or E.M.F.  in a metal whose ends differ 
in temperature. (Microvolts.) 

Iron . . . .  "0487 (tl--t2)I274+~(t1+t~) t 
German silver "0512 (t I --  t~) t 274 + ~(t 1 -b t2) f 

Zinc . . . .  --"024 ( t , -  t 2) t 274 + 2x(tl + t~) 1 

and so on. 
Whether  a series of this sort can be made to include any 

non-metallic conductors also, has not yet been discovered. 
M. Bouty 's  experiments provisionally indicate the very inter- 
esting fact that Sir W. Thomson's general thermodynamic 
laws of the thermoelectric circuit apply perfectly to circuits 
which include some electrolytes as well as metals. 

Now the meaning of statement No. xxiv. is as follows: 
Regard zinc and copper in contact as a circuit completed by 
air or by water, as the case may be, and let the temperature 
be uniform, and say 10 ° ; to reckon up the total E.M.F.  we 
must look in the proper Volta series for Zn/air (or Zn/water), 
which we find 1"8 say ; for Zn/Cu, which we don't  find, or 
find zero ; for Cu/air, which we find "8. Then we must look 
in the 10 ° Pelt ier series for Zn/air or Zn/water, which at 
present we shall not find there for want of data (possibly we 
have no right to put them there if  we had data) ; for Zn/Cu, 

I t  is always easy to tell from thermoelectric data which way tha 
force acts at a junction; but it is not always the same way as the current 
flows, by any means. A current, excited by differences of temperature in 
a simple metallic circuit, may be urged against the force at both junctions. 
This is the case, for instanc% in a copper-iron circuit with one junction 
above 275 ~ and the other below it by a greater amount. It is customary 
to say that the current flows across a hot junction from the metal of 
higher to the metal of lower thermoelectric value : this is not necessarily 
true. The safe statement is to say that the electromotive force acts frol]l 
high to low thermoelectric value, at either junction. 
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which we find about 320 microvolts ; and for Cu/air, which 
again we don't find. Add them all up with their proper signs, 
and we have the total E.M.F. of the circuit. 

Again, consider the case of a Daniell cell at a given tem- 
perature producing a current; we shall have to look in each 
series for Zn/ZnS04, for ZnSO4/CuSO4, for CuSO4/Cu, and 
for Cu/Zn, and add them all up. It is ~rue that these tables 
of numbers have practically yet to be made, for at present 
they include so few substances ; but that does not affect the 
question of the existence and independence of these two kinds 
of series. 

It  is, of course, a question how far all E.M.F. of contact 
may be found to depend on chemical tendency. For instance, 
when bismuth and antimony are put into contact, does the 
E.M.F. developed measure the alloying affinity of these two 
metals? When sodium is dropped into mercury, does the 
heat produced represent the thermoelectric power of a sodium- 
mercur~r junction? When metal touches glass, does the 
tremenclous E.M.F. developed represent a tendency of the 
metal to combine with the glass? These are questions for 
experiment to decide; but to me it does not seem probable 
that it will reply in the affirmative. 

We know that Sir W. Thomson, and Davy before him, con- 
sidered the apparent contact-force at the junction of zinc and 
copper to be due to the chemical affinity between these two 
metals, and to be measured by the heat of formation of brass; 
but this we have seen strong reasons for disbelieving. It 
sounds more probable that the real contact-force at a junction 
of bismuth and antimony should be due to the chemical 
affinity between these metals ; but perhaps it is no more true. 
The greater part of a contact-force of this kind is probably 
due to a physical difference between the metals, such as 
difference in atomic velocity, and has no close relation to their 
chemical affinities for each other. It is, however, just possible 
that part of a metallic junction-force is due to chemical ten- 
dency between the two metals in contact. For instance, take 
the case of zinc and copper. There is, I suppose, an Undoubted 
affinity between them, as shown by the ibrmation of brass 
under proper conditions. [ I f  chemists assume the right to 
demur to this, on the ground that the two metals mix equally 
well in any proportions, one can choose any other pair of 
metals--say, perhaps, copper and tin--for which the statement 
does not hold.] Now does this affinity result in any E.M.F. 
between them on making contact? This question, I appre- 
hend, is to be answered by passing a current for a long time 
across a copper-zinc junction and seeing if any brass does, 
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after a long time, result. Thermopiles show a curious secular 
deterioration with use, and it may  be that  some alloying action 
goes on, though  I have never hoard of its being noticed. 
But  if  no such al loying goes on dur ing  the passage of a 
current,  then I should say that,  in whatever  ways chemmal 
affinity between two metals is able to show itself, it does not 
show itself as an E .M.F .  

Observe, I do not  for a moment  question the existence of  a 
few hundred microvolts of  E .M.F .  at a zinc-copper junction.  
I only ask, is this chemical, or is it physical, or is it a mixture 
of  the two ? Statement  No. xxiv. is general  enough to take 
into account  the possibility of its being a mixture  of the two 
at every kind of  junct ion.  IL is easy to write one of  them 
zero, if so it turns  out. 

24. W e  have been led into a pret ty  wide discussion of  contact-  
force in general ; and, before digressing again on the question 
of  a contact-force-determination of  the size of  atoms, it may  
be convenient here to quote the remainder of  my  prel iminary 
notes, which aim at smnmarizing,  in a c o n t a c t  form, the 
main a rgmnent  with respect to the immediate subject of  dis- 
cussion, viz. the seat of electromotive force in a voltaic cell, 
and in ordinary Volta-condenser  experiments. 

IV .  Brief Summary of t]~e Argument. 

xxv. Whereve r  a current  gains or loses energy~ t]~ere must  
be a seat of E .M.F .  ; and conversely, wherever there is a seat 
of  E .M.F .  a current  must  lose or gain energy  in passing it% 

xxvi. A current  gains no appreciable energy  in crossing 
fi'om copper to zin% hence there  is no appreciable E .M.F .  
there. 

* Note added January 1885.--My attention has just been called to an 
article by Mr. Oliver Heaviside in the ' Electrician' of 2nd February) 
1884, in which he states views ~ery like those contained in these state- 
ments. Had i known of this paper earlier I should of course have 
mentioned it, but I did not know of it. 

Mr. Sprague also~ in his book on ' Electricity, its ~heory, Sources~ and 
A~plications,' on page 331 expresses his belief in nmch the same sort of 
way. Although -Mr. Sprague is rather too much occupied in tilting 
against what he considers the absurdities of orthodox and mathematical 
views to work out his own ideas in a very thorough and clear form~ there 
can be no doubt that he has in his own ~ay arrived at very many of the 
same conclusions as Clerk-Maxwell, though of course in a far less pro- 
found and satisfactory manner. He has scarcely received the credit due 
to him for this, and a cutting review of his book in ' iNature' some years 
back, though justified in l;arts by Mr Sprague's supercilious tore, vet 
falls into more important errors l egarding electrical facts than 3Ir. SDrague 
hlmseli falls into. ~ee ~,tttue, June .4, 18~o~ vol. xn. p 144. 



358 Prof. Oliver Lodge on the Seat of  tile 

xxvii. When a current flows from zinc to acid, the energy 
of the combination which occurs is by no means accounted 
for by the heat there generated, and the balance is gained by 
the current;  hence at a zinc-acid junction there must be a 
considerable E.M.F. (say at a maximum 2"3 volts). 

xxviii. A piece of zinc immersed in acid is thereibre at a 
lower potential than the acid, though how much lower it is 
impossible precisely to say, because no actual chemical action 
occurs. [ I f  chemical action does occur, it is due to impurities, 
or at any rate to local currents, and is of the nature of a dis- 
turbance.] 

xxix. A piece of zinc, half in air and half' in water, causes 
no great difference of potential between the air and the water 
(Thomson, Clifton, Ayrton and Perry, &c.); consequently air 
must behave much like water. 

xxx. I f  it makes the air slightly positive to the water~ as it 
does (tIankel), it may mean that the potential-energy of com- 
bination of air with zinc is slightly greater than that of water, 
or it may represent a difference in the thermoelectric contact- 
forces between zinc and air and zinc and water, or it may 
depend on a contact=force betweeu air and water. [ i f  such a 
contact-force between air and water exists, it is obviously of' 
great importance in the theory of atmospheric electricity, for 
the slow sinking of mist-globules through the air would 
render them electrical~.J 

xxxi. Condenser methods of investigating contact=force no 
more avoid the necessity for unknown contacts than do 
straightforward electrometer or galvanometer methods ; the 
circuit is completed by air in the one case and by metal in 
the other, and the E.M.F.  of an air-contact is more hopelessly 
unknown than that of a metal=contact. 

xxxii. All electrostatic determinations of contact-force are 
really determinations of the sum of at least three such forces, 
none of which are knowable separately by this means. 

xxxiii. The only direct way of investigating contact-force 
is by the Peltier effect or its analogues. [Maxwell.] 

xxxiv. Zinc and copper in contact are oppositely charged, 
but are not at very difi[~rent potentials; they were at different 
potentials before contact, but the contact has nearly equalized 
them. 

xxxv. The potential of the medium surrounding them is, 
however, not uniform. I f  a dielectric, it is in a state of 
strain; if an electrolyte, it is conveying a current. 

Cf. lect~e on "Dust," Nature, 22nd January, I885. 
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Size of Atoms. 
25. I may now claim to have accomplished my task, and 

terminate this long paper; but there are several interesting 
points which arise in connection with Sir W. Thomson's 
deduction of a limit to the smallness of atoms from contact 
data, and these I may be permitted to indicate. Indeed it 
evidently becomes a question whether or not his argument 
remains quite valid if  the chemical-strain view be taken of 
Volta's force. 

Let us then inquire whether any modification has to be 
made in Sir Win. Thomson's argument, if  the hypothesis set 
forth in this paper be adopted. He says (virtually), Take a 
number of plates of zinc and copper of specified thickness, 
arrange them alternately like the leaves of a book with the 
covers doubled right back, and then shut the book. Directly 
they touched at one edge they became oppositely electrified 
and attracted each other, and therefore did work as they 
approached. By making the leaves numerous and thin 
enough, and shutting them up close enough, any required 
amount of work can be thus done with given quantities of 
metal, provided the thin plates retain the same properties as 
masses of metal possess; i.e. provided they are not only a 
few atoms thick. So far there is no possible objection; but 
Sir William proceeds to consider the attraction as depending 
on the affinity of zinc for copper, and the work he requires of 
his plates is that evolved in the formation of brass. But if 
we regard the attraction as depending on the difference of 
combustion energies, Zn/O-Cu/O, we must, to keep the 
charge constant, not only take the plates several atoms thick~ 
but we must suppose films of air of sufficient thickness to 
preserve their normal activities in the way of chemical strain 
to be shut up with the plates. Given these, the amount of 
work he has calculated would certainly be done in shutting 
the book, and a corresponding amount of heat generated. 
But would this heat have anything to do with the making of 
brass ? So far as I can see, nothing whatever. 
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If  we intend to make brass, must we not regard the air 
surrounding the plates as a simple accident~ and imagine all 
air-films removed before beginning the operation .9 Work 
with the zinc and copper plates in absolute vacuum, where 
(on my hypothesis at any rate) the only difference of potential 
between them is a minute thermoelectric one; there will be 
an attraction caused by this difference of potential, and work 
will be done in shutting the book, but to get any appreciable 
amount of heat the plates must be terribly thin. How much 
heat really is produced in the formation of brass I don't 
believe any one knows; but if it be enough to warm the 
metals sixty degrees, the lower limit to the size of atoms 
becomes greatly depressed. 

In a note near the end of this paper I show that a rise of from 
¼ to 2 degrees is all that is probable, on the usual estimate of 
atomic dimensions ; the smaller evolution of heat being caused 
by alloying the metals at 10 ° C., the larger being produced by 
alloying them at 400 °C. 

26. Is there much heat produced in the formation of brass ? 
Is there any way of attacking the question simply? The 
only way wl~ich has occurred* to me is tO dissolve brass in 
acid, and to see whether one gets appreciably less heat than 
by dissolving its constituent copper and zinc separately. 
When an alloy i~ dissolved, I suppose the affinities of its con- 
stituents are unloosed, or the combination undone ; hence the 
heat developed during the solution of an alloy, subtracted from 
that produced during the solution of i~s constituent metals 
and mixing of those solutions~ ought to measure the heat of 
formation of the alloy. Dr. Forster Morley, of University 
College~ London (also on the boat), said he might be willing 
to undertake this observation~ which is doubtless a delicate 
one~ for he was engaged in some thermo-chemical researches. 
It may not be practicable for the actual case of brass, because 
of the complication and uncertainty introduced by secondary 
products, but a better pair of metals may no doubt be readily 
found. 

Adhering to zinc and copper as convenient for explanation, 
the argument, though obviously not the order of experiment, 
will stand as follows :--Take definite weights of zinc and 
copper, dissolve them separately~ getting heats Hi and H~ 
respectively; then mix the solutions, getting a possible further 
heat-production h. This is one plan of passing from separate 
zinc and copper to a solution of a salt of brass. 

* It occurred in conversation with Professor S. P. Thompson and Dr. 
J. A. Fleming on board the Quebec excursion steamer ~Canada'~ and I 
am unable to say who suggested it. 
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Next take the same weights of zinc and copper as before 
and alloy them, getting heat H; then dissolve the brass in the 
same acid as before, getting heat lz[3. This is another plan of 
passing from separate zinc and copper to a solution of a salt 
of brass, 

Now, unless external work and secondary products are 
different in the two cases, we are justified in writing the heats 
evolved in the two cases equal : - -  

Hx + H: +h--- H + H~. 

lzi is the unknown quantity to be determinedp and its determi- 
nation involves four separate measurements, H1, I-I:, Ha, h. 

The only one of these at all easy to observe is h, and this 
my assistant, Mr. Butler, has done. Proportions of zinc and 
copper sulphate, containing equal weights of zinc and copper, 
are dissolved in as little water as will keep in solution any 
double salt that may be formed on mixing. The zinc sulphate 
is enclosed in a thin bulb or tube inside the other solution, 
and left, screened from stray heat, for some hours. The bulb 
is then broken, or the liquid otherwise blown out of it, and 
the liquids mixed. No certain change of temperature so great 
as a hundredth of a degree has been observed. 

27. In thinking over what metals were more suitable, it struck 
me that the heat of formation of amalgams was a subject easy 
of direct attack. I therefore, as a preliminary, have dissolved 
a little granulated tin in mercury. Of course the latent heat 
of liquefaction of tin has to be allowed for, and the actually 
observed result is a cooling; but I hoped that the cooling 
observed would be less than what the latent heat would 
account for, and that I might then calculate the real evolution 
of heat due to combination. Unfbrtunate]y the only data I 
know of with reference to the latent heat of tin relate to its 
ordinary melting-point, at which point it is given by Rudberg 
as 13"3, and by Person as 14"25. We have no ground what- 
ever for believing latent heat to be constant, and I am therefore 
utterly in the dark as to what the latent heat of tin at ordi- 
nary temperatures may be. That liquid tin could be super- 
cooled to ordinary temperatures without solidification is 
unlikely. ] give, however, the data of my experiment (which 
was carefully performed) in case better latent-heat data are 
known to some one else :--2"10 grammes of thin granulated 
tin at 12°'4 were dropped into 502"00 grammes of mercury at 
a steady temperature of 10°'85, contained in a large thin pro- 
tected test-tube, of which the part sharing the temperature of 
the mercury weighed 8 grammes. After solution, which took 
ten minutes, the resulting temperature was found to be 8°'82. 
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Three minutes later it had risen to 8"99 from surrounding 
influences. The thermal capacity of the immersed part of the 
thermometer was equivalent to "48 gramme of water. 

Working on these data, and taking the specific heat of tin 
as "056, latent heat 14"25, specific heat of glass "19, and of 
mercury "0337 we find : -  

Heat disposed of in cooling and liquefying tin . 30"45 units. 
Disappearance of heat actually observed . . 43"57 ,, 

More than can be accounted for without any combination- 
heat at all! This is rather depressing; but it only shows 
how wrong is the estimate of 14"25 for the latent heat of 
liquid tin at 10 ° C. 

Ignorance of the true latent heat thus effectually prevents 
our obtaining any information whatever~ about the heat of 
combination of tin and mercury, from the experiment. It  
seems indeed easier to observe the combination-heat by a 
process of dissolving the amalgam and the metals separately 
in acid, as already explained for brass, and then to use the 
above experiment to calculate latent heat from. One might 
perhaps thus get the latent heats of fusion at various tempe- 
ratures for metals soluble in mercury. 

Another alternative, however, presents itself. Instead of 
trying to reduce the latent heat to ordinary temperatures, one 
might form the amalgam at a temperature just below the 
melting-point of tin, and obtain, if possible, the net evolution 
of heat then. 

Suppose the heat of combination of the 2"1 grammes of tin 
with mercury to be somehow or other determined, we have 
next to suppose the amalgam made otherwise, bringing the 
molecules together in a reasoned way. Let the same quantity 
of tin be brought to within molecular distance of the mercury 
in successive pieces of very thin foil, first made to touch at 
one corner and then laid down. 

It is quite true that each flake would be charged with a 
Volta E.M.F. of, say, "6 volt, and so would attract the mer- 
cury and do a certain amount of work in laying itself down. 
But it is not fair to compare an operation thus conducted in 
air with the dropping of a solid mass of tin into mercm'y : to 
be able to compare the two operations, one must perform the 
foil experiment in absolute vacuum. This being done, the 
contact E.M.F. is no longer "6 volt, but only about "00015 
volt according to the experiments of Matthiessen. Good data 
for this quantity are, however, wanting. Mercury is not one 
of the metals included in Professor Tait's series. It was ob- 
served by Gaugain; and by rather hypothetical deduction 
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from his numbers~ as g iven pictorially in  Wi e de ma nn ' s  
]~2lektricit~it, I make the t in -mercury  Pel i ie r  force 1"75 
mill ivolt  at 10 °* .  

Taking one of these numbers  (15,000 or 175~000 in C.G.S.  
uni ts) ,  or a better  one when determined,  we can calculate how 
near the given mass of t in  must  be brought  to the mercury  in 
order to generate the actual  heat of combinat ion,  provided 
one knows the specific inductive capacity of absolute vacuum t.  
But  I do not  know it. Thus the supply of data for this  case 
is dist inct ly unsatisfactory.  

28. Let  us t ry  whether we cannot  do better  with a single 
metal exposed to air, not  t roubl ing  about the contact of two 
metals, which is unnecessary~ but  s imply considering one metal 
in contact with air. 

* Since this was in type, a paper by C. L. Weber has appeared ia 
Wiedemann's Annalen for November 1884, on the thermoelectric pro- 
perties of amalgams, in which mercury itself was examined ; and from the 
data there recorded, together with Tait's value for copper~ I reckon the 
thermoelectric value of mercury at t ° C. as 

431+'5t absolute electromagnetic units. 

Whence the Peltier force at the same temperature is 

l181+5"68t+'OO5t 2 microvolts. 

The Peltier force between tin and mercury at 10 ° is therefore 123,800 
absolute units, or 1"24 millivolt~ which agrees well enough with the rough 
estimate above. 

t Taking this as 1, and assuming the estimate of molecular dimensions 
hereafter established~ and working backwards, one can show that the 
Peltier force of tin and mercury at 10 ° is connected with the heat of com- 
bination of our 2"1 grammes of tin with the 502 grammes of mercury by 
the relation 

JII=3"6× 10°~/H. 
The two rou_~h estimates of JII deduced from Matthiessen and Gaugaln 
respectively (15,000 and 175,000) thus give H as about ¼ and ~ rI¢ 
of a unit respectively. Either of these is too small a quantity to be 
observed in the process of dissolving tin in mercury; so neglecting it we 
get, from that experiment, the latent heat of molten tin at 10 ° C. as 20"4. 
Another experiment made in a similar way gave 19"6. 

If the above reasoning be regarded as legitimat% a combination of 
thermoelectric measurements with observed heats of solution in mercury 
may furnish a means of estimating latent heats of fusion at various Iow 
temperatures in general. 

Working back similarly to the heat of combination of 1 gramme of 
copper with I gramme of zinc, we calculate "077 unit as the heat developed 
at ordinary temperatures ; only enough to raise the mass of brass formed 
through three eighths of a degree Centigrade. At a higher temperature, 
such as 400 ° C., the Peltier force for these metals is greater, being 4600 
microvolts, and the calculated heat of combination is then ~ of a unit per 
gramme of each, sufficient to raise the whole mass of metal through nearly 
2 degrees Centigrade. This, then, is the sort of elevation of temperature 
one may expect in making brass at a temperature of 400 °. 
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Take a gramme-equivalent of any metal, say 65 grammes of 
zinc, and imagine it rolled out into a thin sheet of foil of 
area A. The difference of potential between it and the air 

V . 
being V in electrostatic units, 3-~ m volts~ its charge will be 
2AV 
4~rx~ where x is the distance between it and the air~ a quan- 

tity of molecular magnitude. The electrical energy of this 
AV 2 

charge is 2~w,v' which must therefore have been the electrical 

work done (i. e. the amount of potential chemical energy trans- 
muted into electrostatic energy) in  spreading out the zinc 
over so much surface. [Capillary tension is part of the 
mechanical work done.] 

l~ow let it be rolled so thirl that every atem of it is in con- 
tact with air, i. e. let its thickness be also of molecular mag- 
nitude x. We can regard its potential energy in two ways : 
either as chemical or as electrical. Chemically its energy, 
measured by heat of combination, is 

46,000 VJ,  

where V is expressed in volts. Electrostatieally its energy is 

27rx" \ 3 0 0 / "  
Equating these two values, and writing for the quantity of 

metal m=Axp, we have the general relation 

m V = "828 ~r p x ~ J x 10~°; 

whence, taking m-- 65, p--- 7, and V---- 1"8, we get~ as our esti- 
mate of linear molecular dimensions, 

x - - 4  x 10 -9. 

The data in this calculation are all very definite; hence if 
the reasoning is legitimate, this estimate ought to be a pretty 
good one. I t  is true that another metal would give a rather 

mV 
different estimate, unless were constant for al l ;  but for 

P 
ordinary metals--e, g. zinc, iron, copper, mercury, silver--this 
is not so outrageously far from being the case; though discre- 
pancies arise with such metals as sodium on the one hand, 
and platinum on the other. But it is very doubtful whether 
platinum could be regarded as an oxide, however thin it were 
beaten ; and sodimn would probably take fire long before the 
proper molecular thinness was reached. 

The several estimates of Sir William Thomson for the size of 
atoms were given in ' Natur%' March 1870~ and are reproduced 
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in Thomson and Tait~ Part II .  Appendix F. In a lecture on 
the size of atoms delivered at the Royal Institution in February 
1883 he restates these estimates with slight modifications 
thus : -  

I f  atomic dimensions are comparable with 10 -8 centim., 
brass would rise 62 ° C. at the instant of ibrmation; while if 
atoms are so small as 2'5 x 10 -~, it would rise 1000 ° C. 
Hence 10 -s is to be regarded as a limit of smallness. 

A soap-film so thin as 10 -B centim, would raise itself 280 ° 
by collapsing ; therefore there are not several molecules in this 
thickness. 

The theory of gaseous collision, combined with the density 
of liquids, suggests a range lying between 7 x 10 -9 and 
2 x 10-9. 

The dispersion of light seems to require atomic dimensions 
to lie between 10 -z and 10 -~. 

The final estimate made by Sir Wiiliam is something between 

2 x 10 -7 and 10 -9. 

But if  the reasoning in the present paper be admitted as 
correct~ it would seem possible to reduce this range of uncer- 
~inty ,  and to make an even more precise estimate. 

XXXIX.  Lecture-Experiments on Spectrum Analysis. 
By E. CT,E~I~SEAW, M.A., F. C.S. ~ 

I PROPOSE in the following paper to explain some pro- 
cesses by which all the phenomena in spectrmn analysis, 

usually shown upon the screen in class-demonstrations~ may 
be exhibited without the use of the electric light, which for 
various reasons is frequently not available. The methods 
employed depend upon the use of the limelight and the oxy- 
hydrogen flame : these of course do not give the same brilliant 
effects as the electric light, but all the phenomena may be 
shown upon the screen with much simpler apparatus ; and for 
some of my methods I think I may claim advantages over the 
usual method of demonstration. 

i. Spectra of the Alkalis and Alkaline -Earths. 
Debray Ch. PI ys. [3] lxv. p. 331) proposed the use 

of the oxy-hydrogen flame for the volatilization of the alkalis 
and alkaline earths. By a modification of the ingenious method 
of Bunsen for procuring a monochromatic flame, the sub- 

* Communicated by the Physical Society : read March 14, 1885. 
Phil. Mag. S. 5. Vol. 19. ~o.  120. ~kray 1885. 2 C 


